Introduction
Practically all life on earth depends directly or indirectly on photosynthesis. This therefore arguably most important chemical process on our planet [1] [2] [3] stores the sun's energy in chemical compounds (carbohydrates) . The products of photosynthesis are the only renewable source of food. Photosynthesis also created our oxygen-rich atmosphere by water oxidation and thereby laid the basis for the formation of the protective ozone layer in the stratosphere. These events enabled the development of higher life on earth. Furthermore, all fossil fuels -oil, coal and natural gas -have been created from products of photosynthesis over the last 2.5 billion years. The rash and unsolicitous exploitation of these valuable resources during the past 1 to 2 centuries led to an enormous increase of energy usage in our society, which is still increasing in spite of the limited resources. 4 The burning of carbon-rich fuels also led to a significant rise of carbon dioxide (CO 2 ) levels in the atmosphere, a greenhouse gas that contributes to the global climate change with many adverse effects on our planet and human life.
5
The economical and socio-political consequences of the shortage of fossil fuels are already felt today. With the increase of world population and economic growth the global energy demand will continue to increase in the coming decades. Thus, it is high time to find alternative, sustainable energy resources. An obvious idea is to exploit the abundant energy of the sun: the energy hitting the surface of the earth by far exceeds human needs. 6 Solar energy has an enormous potential as clean, abundant and economical energy source, but must first be captured and converted into useful forms of energy. This includes conversion into heat, electricity and (chemical) fuels. In particular the efficient production of a clean, storable ''solar fuel'' would represent a very important breakthrough in scientific research.
7 Such a fuel must be formed from abundant, inexpensive materials such as water, which could be split into molecular oxygen and molecular hydrogen. Hydrogen is often considered to be the ideal fuel of the future since its combustion generates only water. The problems of H 2 generation, storage and transport have been intensively discussed in recent years.
8-11
A promising way for light-driven water splitting would be to mimic the molecular and supramolecular organization of the natural photosynthetic system, i.e. ''artificial photosynthesis''. 12, 13 However, many obstacles must be overcome. One of the major difficulties is the coupling of the light-induced (one-photon) one-electron charge separation to the multielectron catalytic processes leading to water oxidation and fuel production. Another problem is the sensitivity and the limited lifetime of isolated native enzymes and current artificial devices.
Light-induced water-splitting and release of oxygen and protons is performed in nature in oxygenic photosynthesis by green plants, algae and cyanobacteria. The responsible highly complex enzyme is called photosystem (PS) II.
14 Many green algae and cyanobacteria also contain an enzyme that can convert the released protons into dihydrogen. This enzyme is called hydrogenase. 15, 16 The process is depicted in Fig. 1 , together with a view of the respective protein complexes 17, 18 and a possible scheme mimicking the natural process in vitro. 19 Photosystem II and several hydrogenases have been crystallized and structurally analyzed by X-ray crystallography 17, 18 in recent years. The active sites contain complex multinuclear transition metal clusters that have been the subject of intense spectroscopic investigations aiming at a detailed understanding of their structure and function. Slowly a mechanistic understanding of these important processes is developing.
Knowledge of the basic principles of water oxidation and hydrogen conversion in nature is a goal of major importance both for basic research and possible application in our society. This would allow us to use the organisms -or the isolated enzymes -in biotechnological processes. [20] [21] [22] [23] Furthermore, it would provide the foundation for designing biomimetic -or bioinspired -artificial catalysts for large-scale water splitting and hydrogen production in the future.
Water oxidation
Oxygenic photosynthesis was 'invented' on earth about 2.5 billion years ago at the level of cyanobacteria 24, 25 and resulted in an enormous evolutionary advantage for these organisms since it allowed them to exploit the nearly unlimited electron source water. It is therefore surprising that evolution has, in contrast to for example hydrogenases (see below), created only one unique catalyst capable of performing light-induced watersplitting, which is known as photosystem II (PSII). It is also remarkable that so far only very minor differences have been found on the level of the water-splitting complex between different organisms such as higher plants, green algae and cyanobacteria. This uniqueness underpins the high level of complexity that is required to perform this strongly oxidizing reaction within a protein matrix. Although not all facets are yet known, several important features of the water-splitting reaction in PSII have been unraveled due to intense research efforts by many groups in the field (for recent reviews see [26] [27] [28] [29] [30] [31] [32] [33] [34] ). These key features will be briefly outlined below, and their possible significance for constructing artificial catalysts for the watersplitting half-reaction (1) was not yet identified in crystal structures. The overall reaction of PSII is that of a light-driven water: plastoquinone oxidoreductase:
PSII utilizes visible light ($400-700 nm) to drive this reaction, which contributes significantly to the build-up of a proton gradient across the thylakoid membrane. This pH difference is employed by the ATPase to drive the synthesis of ATP from ADP and P i .
The reactions occurring in PSII can be divided into four processes:
(i) Light harvesting and energy transfer. This is mediated by the chlorophyll and carotenoid molecules of the antenna (A) complexes:
Chl A + hn / Chl A *.
The inner PSII antenna is formed by CP43 and CP47 ( Fig. 2A) . The captured light energy is then transferred to the reaction center (see below) by exciton transfer according to:
(ii) Primary charge separation and stabilization. This occurs in the reaction center (RC), which is an arrangement of four Chl a and two Pheo a molecules (Fig. 2B ) that are bound by the so-called D1 and D2 proteins ( Fig. 2A) . The overall process can be described by the following sequence:
The radical cation Chl RC c + , also known by the absorption maximum of Chl RC as P680c + , has an estimated oxidizing potential of +1.2 to 1.3 V, the highest known in biology.
40 PSII therefore requires protection, for example against oxidation or long lived triplet states, 3 Chl, that can form by charge recombination reactions. The two carotenoid molecules, Car, (Fig. 2B ) and the cyt b559 ( Fig. 2A and B ) are believed to be involved in this defense system. The primary charge separation is stabilized by electron transfer from Pheoc À to the bound plastoquinone (PQ) molecule Q A , and by the reduction of P680c + by a redox active tyrosine side chain of the D1 protein, Y Z . These electron transfer reactions increase the distance between the charged species and decrease the energy difference DG. Both factors (together with the subsequent reactions described below) significantly minimize competing recombination reactions, leading to an excellent quantum efficiency of PSII for water-splitting (over 90%), 41, 42 but to a less favorable energy efficiency. 43, 44 (iii) Reduction of plastoquinone Q B by Q A c À and protonation at the 'acceptor side' of PSII. Q A is a firmly bound PQ molecule that under normal circumstances can be reduced only to the semiquinone level. In contrast, Q B is a mobile PQ molecule that leaves after double reduction and protonation (from stroma) its binding pocket and transfers the two electrons to the cytochrome b 6 f complex under the release of its two protons into the lumen. Then a fresh PQ molecule binds at the Q B -site from the pool in the thylakoid membrane:
The reactions (5a)-(5c) constitute the two-electron gate of the acceptor side of PSII. They further stabilize the charge separation by ensuring that the electrons are transported away from PSII via the photosynthetic electron transport chain that finally leads to the reduction of CO 2 to carbohydrates. Reactions (5) also couple the electron transport with a proton translocation that is required for ATP synthesis (see above). The non-heme iron between Q A and Q B (Fig. 2) appears to serve mostly a structural role, but it also binds a hydrogencarbonate ion that maybe involved in the protonation of Q B 2À .
(iv) Accumulation of oxidizing equivalents and water-splitting. The tyrosine Z radical, Y Z c, formed by P680c + , oxidizes the Mn 4 O x Ca cluster. Both components are part of the wateroxidizing complex, WOC (or oxygen evolving complex, OEC; white oval in Fig. 2A ) that also includes the functional protein matrix, which not only provides the ligands for metal binding, but is also crucial for constituting a proton network that allows coupling of electron and proton transport, gives flexibility for structural changes of the Mn 4 O x Ca cluster during catalysis and regulates substrate water entry and product (H + and O 2 ) release. Although the WOC is at the luminal side of the thylakoid membrane, it is actually close to the center of PSII. This comes from the large luminal extensions of the inner antenna complexes CP43 and CP47 and is also due to the binding of three extrinsic proteins ( Fig. 2A) . Based on this position of the WOC substrate and product channels most likely exist. These are schematically depicted in Fig. 2A . 28 First indications for such channels have indeed been found in the recent crystal structures. 45, 46 After four sequential oxidations of the Mn 4 O x Ca cluster by Y Z c, two waterderived oxygens form molecular oxygen, which is released into the medium (see below).
Geometric structure of the WOC
Several crystal structures of PSII isolated from the thermophilic cyanobacteria T. elongatus or T. vulcanus were obtained.
18,35,48
Fig . 2 Simplified scheme of the core components of the water-splitting photosystem II complex that is embedded into the thylakoid membrane of chloroplasts or cyanobacteria (A); adapted from Hillier. 28 Only the relative positioning of the five most important transmembrane subunits and of three extrinsic proteins are shown (the full complex consists of about 20 subunits). The two central subunits are the D1 and D2 proteins. They bind all the electron transfer components. A detailed view of the electron transfer cofactors is given in panel B on the basis of the 3.0 Å crystal structure. 18 In cyanobacteria, cytochrome c550 is part of one of the extrinsic proteins, but has no known function in water-splitting.
Currently the best resolution is 3.0 Å . 18 While these structures give invaluable insight into the overall arrangement of most cofactors and the arrangement of the different protein subunits, the 'pictures' obtained for the Mn 4 O x Ca cluster are rather fuzzy and vary between structures. The reasons for that are (1) the too low resolution (Mn-Mn distances are of the order of 2.7 Å , see below) and (2) the fast reduction of the Mn 4 O x Ca cluster that is accompanied by the loss of its structure due to radiation damage caused by radicals that are created by the required intense X-ray beams. 49 Nevertheless, the crystal structures provide an approximate overall shape of the cluster, and also affirm the binding place of Ca next to Mn as previously suggested by EXAFS spectroscopy. [50] [51] [52] A breakthrough was recently achieved by combining crystallography and EXAFS measurements. This approach allowed collecting polarized XANES and EXAFS spectra along the three crystallographic axes of PSII single crystals. In this way the large number of previously proposed models for the cluster could be reduced to four very similar models, that all have the same Mn 4 core and differ only in the relative position of Ca and/or the orientation of the Mn 4 unit.
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One of these structures is shown in Fig. 3 together with a ligand environment that is taken from the crystal structure. The precise bridging motif between Mn and Ca could not be derived and is therefore not shown. It has to be noted that without adjustments the amino acids around the Mn 4 O x Ca cluster are not in optimal positions for ligands. This is most likely a consequence of the radiation damage during the crystallographic measurements. Therefore efforts are under way employing QM/MM and DFT calculations to obtain more realistic overall models of the WOC. [53] [54] [55] [56] These calculations also take into account further known components of the WOC that were not yet detected by crystallography or EXAFS. These components are the two substrate water molecules (see below) and chloride, Cl À . While one recent spectroscopic study suggest that Cl À may not be a direct ligand of manganese, 57 functional studies indicate that it has to be at least in the vicinity of the Mn 4 O x Ca cluster.
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Hydrogencarbonate (bicarbonate), which is important during the photo-assembly of the Mn 4 O x Ca cluster, 58 was recently proven not to be a tightly bound constituent of the functional complex.
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Previous EXAFS experiments on frozen PSII-suspensions that were trapped in different S i states also demonstrate that the Mn 4 O x Ca cluster undergoes structural changes during the catalytic cycle [62] [63] [64] (see below and Fig. 6 ). Therefore it is important to note that the structure of the Mn 4 O x Ca cluster in the S 1 state (Fig. 3) is, to a yet not fully determined extend, different from that in the S 3 and/or the S 4 states in which the O-O bond is formed.
Function of the WOC
The Mn 4 O x Ca cluster is the 'heart' of the WOC and it fulfils, together with the protein matrix, several vital functions that are outlined in the following.
(i) Coupling of the fast one-electron photochemistry with the slow four-electron water chemistry. The primary charge separation occurs in the reaction center at a time scale of about 3 ps and creates one oxidizing (and one reducing) equivalent at a time. 67,68 Therefore, PSII is able to stabilize, accumulate and synchronize four oxidizing equivalents over a time span of more than nine orders of magnitude to allow the relatively slow water-splitting chemistry to occur.
(ii) Redox-leveling. Every light-induced charge separation in PSII creates the same oxidizing potential of approx. +1.25 V, 69-71 These potentials, although among the highest known for biological systems, are insufficient to allow water oxidation in solution, which requires for the first, most unfavorable step from water to the hydroxyl-radical a potential of more than +2 V. In contrast, concerted water-oxidation in two two-electron steps via peroxide, or in a concerted four-electron step is, on average, much less energy expensive and can be realized, if the WOC is constructed in a way that in each of four consecutive steps about the same oxidizing potential is added to the WOC. This requires that the Mn 4 O x Ca cluster accumulates oxidizing equivalents, and not charges (one exception is probably the S 1 / S 2 transition). Consequently, the electron abstractions from the WOC have to be coupled with proton release from PSII, which also results in a decoupling of the release of the two products O 2 and H + . The established release patterns are: 0 : 0 : 0 : 1 for molecular 33 ) a coupling of proton and electron transfer is essential, which to a large extent is performed by the specific protein matrix of the WOC that also includes Y Z . It should be pointed out that in such an optimized system quantum efficiency is more important than energy efficiency for effective water-splitting (l # 680 nm).
Due to the required high-oxidative power, and the potential formation of harmful side products such as superoxide radicals or peroxides, the lifetime of the WOC and its surrounding D1 protein is limited to less than 30 min in sun light. On the basis of the best known in vitro O 2 -evolution 72 rates of about 6000 mmol O 2 mg À1 Chl h À1 (with 35 Chl per reaction center this is equal to a turnover time of 17 ms per released O 2 molecule, which is possibly limited by electron transfer to an artificial acceptor) this corresponds to a total turnover number of about 100 000 O 2 per WOC, while by employing the 1-2 ms O 2 release time an upper estimate of about 1 million turnovers within the life time of a WOC is reached. As will be discussed below most, if not all of the few presently available artificial water-splitting complexes suffer, in a much more severe way, from the same problem. Photosynthetic organisms have devised an efficient repair mechanism to solve this problem. By this mechanism the most damage sensitive part, the D1 protein, is selectively exchanged against a newly synthesized replacement protein. Then the Mn 4 O x Ca cluster is reassembled via a light-driven process known as photo-activation.
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(iii) Substrate water binding and O-O bond formation. An important function of the WOC, and especially of the Mn 4 O x Ca cluster, is to bind and activate the water derived oxygens for the O-O bond formation. Thus, localizing their binding sites is of utmost importance for understanding the catalytic cycle of the WOC. To date, neither EXAFS nor X-ray crystallography provide any information on the substrate water binding sites. A possible role of Ca in binding one substrate water has been inferred from time resolved membrane-inlet mass spectrometry (MIMS) studies that employ a rapid jump in H 2 18 O concentration within specific flash sequences, 74, 75 and by biochemical Ca/Sr exchange experiments. 76 The time-resolved MIMS experiments also established that the two substrate molecules bind at separate sites, because their exchange rates vary independently with S i state. 77 The slower exchanging substrate water can be detected in all S i states, 74, 77 while the exchange of the faster one has only been resolved in the S 2 78 and S 3 79 states. Recently the first clear spectroscopic signature for one bound water was found in the S 2 state by 17 O-HYSCORE spectroscopy 80 ( Fig. 5A) . Such experiments and their detailed analysis will hopefully allow us in the future to better localize the substrate binding sites. One current suggestion 82 for a binding scenario for the two substrate water molecules in the S 0 , S 1 and S 2 states is presented in the bottom row of Fig. 6 (the small black spheres labeled W s and W f represent the suggested positions of the oxygens of the slow and fast exchanging substrate water molecules, respectively).
Electronic structure of the Mn 4 O x Ca complex
Detailed information about the electronic structure of the Mn 4 O x Ca cluster is key to understanding the mechanism of (water oxidation) in the WOC (see e.g. refs. 55 and 82). Since in 84 and S 0 states. [85] [86] [87] In principle these spectra contain all the required information about these two states, but the number of fitting parameters is too large for obtaining conclusive answers. Therefore, recently 55 Mn-ENDOR spectroscopy was employed at X-band (S 2 state,
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) and Q-band (S 2 and S 0 ; 81, 82 ) frequencies (Fig. 5(B) ). The Q-band studies demonstrated that the S 0 and S 2 states have the overall oxidation states Mn 4 (III,III,III,IV) and Mn 4 (III,IV,IV,IV), respectively. By also taking information from other spectroscopic measurements into account a tentative assignment of the individual Mn-oxidation states and the exchange coupling constants shown in Fig. 6 (top row) was derived. This also allowed for the first time a specific description of the already known structural change during the S 0 / S 1 transition 62,64 to a contraction of the Mn A -Mn B distance due to the oxidation of one Mn(III) to Mn(IV), which is coupled to a deprotonation of a m-OH bridge (top two rows in Fig. 6 
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). Together with additional information, for example about the structure and substrate water binding (see above), the tentative reaction scheme for the S 0 / S 1 / S 2 transitions shown in the lower row of Fig. 6 can be suggested.
Other suitable techniques for assessing the Mn oxidation states are XANES (X-ray absorption near edge spectroscopy, 64, 89 Kb-fluorescence spectroscopy 89 and RIXS (resonant inelastic X-ray scattering) spectroscopy. 90 These techniques can probe all S i states, but the interpretation is also not straightforward, in part due to the lack of suitable theory, in part owing to structural changes between the S i states that complicate the analysis. While it is now clear that there are Mn(III) to Mn(IV) oxidations during the S 0 / S 1 and S 1 / S 2 transitions, it currently remains a matter of controversy whether a similar oxidation happens during the S 2 / S 3 transition, or whether in this transition a ligand centred oxidation occurs. Similarly the nature of the structural rearrangement between S 2 and S 3 is hotly debated: Dau and co-workers suggest the formation of one additional m-oxo bridge and thereby the formation of one more short MnMn distance. 64 In contrast, Yachandra and co-workers observe a lengthening of several Mn-Mn distances by 0.1-0.3 Å , which is suggestive of a m-oxo bridge oxidation within the cluster.
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Clarification of this controversy will be of utmost importance for understanding the mechanism of photosynthetic water-splitting.
Suggested mechanisms of O-O bond formation
There is a large number of proposed mechanisms for O-O bond formation in PSII. These have been extensively reviewed in several recent articles. 28, 30, 33, 91 Here only the principles of the currently most favored mechanisms will be briefly summarized.
(A) Nucleophilic attack in the S 4 state. Several different variations of this proposal exist. 26, 27, 30, 55, 74, 92 The general idea is that a terminal (or bridging; not shown in Fig. 7 , top row) oxygen is being prepared for O-O bond formation by turning it during the Kok cycle stepwise into a strong electrophile. In the S 4 state it is fully deprotonated and connected to one (or more) high-valent Mn ions. In the simplest case a terminal Mn(V)]O would be formed, which may also be formulated as Mn(V)^O + or Mn(IV)-Oc. Alternatively, a m 2 -or m 3 -oxo bridge may act as electrophile (not shown). The electrophile is attacked by a nucleophilic water molecule. This may either be a bulk water molecule, or a water/ hydroxo bound to Ca or bridging between Ca and Mn (Fig. 7,  top row) . Since the water-exchange experiments demonstrate binding of both substrate molecules in the S 3 state, the attack of a free water molecule appears highly unlikely. These type of mechanisms require a Mn(III)/Mn(IV) oxidation during the S 2 / S 3 transition and another oxidation of the Mn 4 O x Ca cluster during the S 3 / S 4 transition. The latter oxidation is either assumed to be a Mn(IV) / Mn(V) oxidation or a ligand (substrate) based oxidation.
(B) Radical mechanisms. Traditional radical mechanisms assume that already in the S 3 state a ligand centred oxidation occurs. 26, 33, 63, 83, 89, 93, 94 For example, one of the m-oxo bridges may be oxidized in line with the observed elongation of Mn-Mn distances. Since several Mn-Mn distances change during the S 2 / S 3 transition also a delocalization of the radical over several bonds (and Mn) may be considered. Since the substrate water exchange rates of the slowly exchanging water are almost identical in the S 2 and S 3 states, this radical would very likely not be identical with W s . In general two different options are proposed for the further steps leading to O-O bond formation ( . Indeed, experimental evidence supporting a rate limiting proton release in this step of the Kok cycle has been put forward.
68,96,97
(C) O-O bond formation in the S 3 state. In these proposals 32, 33, 98 it is assumed that the known structural changes during the S 2 / S 3 transition lead to a situation that in a small fraction of PSII complexes (about 10-15%) a formation of the O-O bond in form of a complexed peroxide occurs already in the S 3 state. This state is assumed to exist within an redox equilibrium of various other forms of S 3 that may include an oxygen radical and/or a Mn 4 (IV,IV,IV,IV) state. In addition, different forms of peroxide complexation are possible (end-on vs. side-on; Fig. 7 , lower row). Once the S 3 Y Z c state is formed, only centers being in the complexed peroxide configuration are assumed to be able of donating an electron to Y Z c and to liberate O 2 . The rate of the S 3 / S 4 transition would then be limited by the equilibrium constants between the different states, and would follow directly the time course of Y Z c reduction as observed experimentally. Water exchange would only happen in the majority state in S 3 , which would be the open form with two terminal water/hydroxy or oxo groups.
Summary: Principles of photosynthetic water-splitting
From the above text the following seven principles of photosynthetic water splitting can be extracted:
1. The components of the primary photo-reactions as well as the Mn 4 O x Ca cluster are supported by protective components and, once destroyed, automatically replaced by the organism by a specific repair mechanism.
2. A multimeric transition metal complex (Mn 4 O x Ca cluster) is employed to couple the very fast one-electron photochemistry with several orders of magnitude slower four electron watersplitting chemistry.
3. The water-splitting catalyst is located in a sequestered environment; channels exist for substrate entry and product release.
4. The matrix (protein) around the Mn 4 O x Ca cluster is highly important for the coupling of proton and electron transfer reactions. This feature is essential for achieving about equal redox potentials for all oxidation steps that match the oxidizing potential of the light-generated primary oxidant.
5. Point 4 leads to a decoupling of the release of the two products O 2 and H + from the catalytic site. 6. The substrate water molecules are stepwise prepared for O-O bond formation by binding to the Mn 4 O x Ca cluster and by (partial) deprotonation. The concerted oxidation of the activated substrate occurs then either in two 2 e À or one concerted 4 e À reaction step(s). This avoids high energy intermediates. 7. The Mn 4 O x Ca cluster undergoes several structural changes during the Kok cycle, which are probably significant for the mechanism. The surrounding matrix therefore needs to be flexible enough to support such changes.
Current homogeneous water-splitting catalysts
During billions of years of evolution nature has developed only one light-driven water-splitting catalyst, the above described Mn 4 O x Ca cluster. Chemists are not restricted to the abundant, relatively non-toxic Mn, and have therefore created a small number of water-splitting complexes that are based on Ru [99] [100] [101] [102] [103] [104] [105] or Ir 106 (for reviews see refs. 13 and 107). These certified water-splitting catalysts drive water-splitting upon addition of Ce IV or by electrochemistry. Also some Mn-based artificial systems exist, 108,109 but in most cases only a small fraction of the evolved O 2 originates in these latter models from true water oxidation, while the other O 2 molecules contain at least one O-atom from the oxidant, which usually is an oxygen donor such as oxone. 110 One possible exception is a linked di-Mn-porphyrin complex that was demonstrated to evolve correctly labeled dioxygen at defined redox potentials. 111 To the best of our knowledge no visible light-driven homogenous water-splitting catalyst has been reported yet.
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The current artificial complexes contain often two metal ions (only one in case of the Ir-complex) that have to undergo several oxidation state changes. In contrast, the four Mn ions in PSII cycle only between oxidation states Mn III and Mn
IV
. Most complexes are, compared to PSII, still very unstable. Reported total turnover numbers lie between 1 and 3000. Mass spectrometry measurements often reveal in addition to O 2 also CO 2 evolution, which is a result of the oxidation of the organic ligands, either by the added strong oxidants or by the catalysts themselves. Recently a new interesting idea was presented in which two inorganic (SiW 10 ) ligands were employed to stabilize a tetranuclear Ru complex. 113 A stabilizing effect of a clay matrix has also been reported.
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While the progress with Ru-or Ir-based catalysts is currently more striking, we regard it still as important to also continue research on Mn-based catalysts, because Ir and Ru are relatively rare, expensive and toxic. Other interesting approaches for achieving light-driven water-splitting employ heterogeneous catalysis on doped TiO 2 (for a review see ref. 115) or TiSi 2 . 
Hydrogen conversion
Hydrogen metabolism occurred already very early in evolution. It is established in all domains of life. In fact, it has been proposed that eukaryotic organisms have evolved through a symbiosis of methanogenic archea and hydrogen evolving prokaryots. 117 The enzymes responsible for this metabolism are called ''hydrogenases''. They catalyze the oxidation of molecular hydrogen into protons and electrons and the reduction of protons to produce molecular hydrogen by a heterolytic mechanism:
Hydrogenases are interesting for the development of hydrogen-based fuel cells as well as for ''photosynthetic cells'' for hydrogen production. Reaction rates for these enzymes are very high; they lie in the range of 10 3 -10 4 turnovers per second at 30 C. 118 It has been shown that hydrogenases when applied to graphite electrodes are as effective as Pt for proton reduction.
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The catalytic site contains the abundant and inexpensive metals Fe and Ni. A problem is that these enzymes are quite fragile and oxygen sensitive. In the following we will briefly describe structure and function of hydrogenases.
Hydrogenases
Based on the structure of the active site the enzymes are divided into three classes: 
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The genetic regulation and interplay between these hydrogenases is not yet completely understood.
The increasing interest in renewable energy technology has stimulated the research into hydrogenases, in particular the ones which are active in hydrogen production. Below we review the design principles of the two major classes of hydrogenases ([NiFe] and [FeFe] ) and discuss their functional features which may be employed in biotechnological hydrogen production. Fig. 9(A) , the structure of the binuclear [NiFe] cluster originating from D. gigas 127, 128 is shown. The active site is deeply buried inside the large subunit (60 kDa) of the enzyme whereas the smaller 28 kDa subunit harbors two [4Fe4S] clusters and one [3Fe4S] cluster. The distance between the FeS clusters is in the range of 12 Å which is consistent with biological electron transfer. 129 The Ni atom in the active site is bound by four cysteine residues of the protein, two of which form a bridge to the Fe atom which, in turn, is coordinated by two CN À and one CO ligand. In the most oxidized states of the enzyme (as isolated) an additional bridging ligand X between Fe and Ni is modeled in the crystal structure 130 while in the active reduced states this electron density is absent. Spectroscopic evidence using 17 O labeling suggests that this is an oxygen species 131 but the presence of sulfur cannot be ruled out.
Structural characteristics of hydrogenases

130,132,133
The Ni atom has a distorted square pyramidal coordination with a vacant site believed to be the primary binding position of the H 2 substrate. A hydrophobic gas channel has been modeled into the crystal structure using molecular dynamics calculations with a 1 Å probe 134 as well as crystallography under high-pressure Xe gas. [134] [135] [136] The channel leads directly from the surface of the protein to the open coordination site of the Ni atom. 134, 137 It is assumed that this gas channel is also involved in the reactions with CO and O 2 , which inhibit the enzyme. Indeed, comparative crystallography showed that CO and O 2 inhibited [NiFe] hydrogenases show additional diatomic electron density at the open fifth coordination site at Ni. 138 In the oxidized ''unready'' state of the enzyme, an additional elongated electron density was observed at the bridging ligand ''X'', suggesting it to be a hydroperoxide OOH À . 128 It is suggested that the peroxo bridging ligand causes the enzyme to be ''locked'' in the unready state which can be reactivated only very slowly. In the [NiFe] hydrogenases characterized so far, the catalytic site is located on the large subunit while the electron transport chain is accommodated on the small subunit.
3.2.2.
[FeFe] hydrogenases. Fig. 9(B) cubane clusters form the electron pathway to the external redox partner of the enzyme. In C. pasteurianum three 4Fe4S and one 2Fe2S cluster serve this task while the algal hydrogenases appear to lack the accessory 4Fe4S clusters altogether. In these hydrogenases the H-cluster interacts directly with the ferredoxin redox partner.
142 A hydrophobic gas channel has also been modeled.
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It ends at the most remote Fe atom (Fe d ) of the active site (see arrow). Finally, a chain of amino acid residues is identified which could act as proton pathway. 140 The H-cluster consists of a classical cubane [4Fe4S] sub-cluster connected to the ''catalytic'' [2Fe2S] subcluster through a cysteine bridge. The [2Fe2S] sub-cluster has 2 CN À and 3 CO ligands as well as a peculiar di-thiol ligand bridging the two Fe-atoms. While the [4Fe4S] sub-cluster is connected to the protein matrix in a ''classical'' way, the [2Fe2S] sub-cluster has no covalent interaction with the protein apart from the cysteine link to the cubane sub-cluster. The dithiol ligand is not unequivocally characterized in the X-ray structures. In particular, the nature of the central atom in the bridge is not yet determined. It can be modeled as a C-or N-atom. 139 Recent modeling studies suggest that the bridging ligand could also be an ether. 143 In particular the occurrence of a nitrogen (or oxygen) would be of mechanistic relevance since the central atom could act as proton acceptor/donor in the hydrogen oxidation/reduction reaction. The crystal structure of the H-cluster is available in three ''states'' of the protein: In the active oxidized state one of the CO ligands forms a bridge between the two Fe atoms. Upon reduction of the enzyme by H 2 , this ligand shifts towards a terminal position on the distal iron atom. Exposure to CO gas is known to inhibit the protein. This is visible in the crystal structure by the appearance of an additional terminal CO ligand in the open coordination site. The CO and CN À ligands in the crystal structure have been assigned making use of FTIR data as well as taking into account the possibility for hydrogen bonding of the CN À groups to nearby amino acid residues. 
Active and inactive states of hydrogenases
Similar to the water oxidizing complex in PS II the catalytic site in hydrogenases can exist in several different redox states. Midpoint potentials have been determined using spectroelectrochemistry. [144] [145] [146] [147] Structures of the intermediates resulted from different spectroscopic techniques. 16, 148, 149 The various states are summarized below.
[NiFe] hydrogenases.
In the aerobically 'as isolated' form the [NiFe] hydrogenases are inactive and have to be activated under H 2 or other reductants. The activation process has been studied in great detail using EPR and other spectroscopies. 16, 123, 147, 150, 151 The different states and their possible relationships identified in this way are depicted in the scheme presented in Fig. 10 . The paramagnetic states are indicated in red. The as isolated enzyme is paramagnetic but often shows a mixture of two states, each with a characteristic EPR spectrum, called Ni-A and Ni-B. Ni-A is the ''unready'' state of the enzyme which takes up to an hour to reactivate. In contrast, Ni-B can be activated within a few minutes. Ni-A is in equilibrium with a singly reduced EPR silent state Ni-SU (silent unready). In oxygen-tolerant species (e.g. Ralstonia eutropha) the Ni-A is not observed. It is therefore considered as the oxygen-inhibited state.
Upon reduction of Ni-B the enzyme passes through several EPR silent states: Ni-SIr (silent ready) and Ni-SIa (silent active). These states have been identified using FT-IR spectroscopy.
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After a two-electron reduction the EPR active Ni-C state is reached. 154 In this redox state a hydrogen species has been identified using advanced EPR (HYSCORE, ENDOR) spectroscopy.
155,156 Fig. 11 shows the EPR spectrum of Ni-C as well as its FT-IR spectrum. In addition, the HYSCORE spectrum is depicted obtained from the hydrogenase activated using D 2 in D 2 O. The obtained 2 H hyperfine coupling is consistent with a hydride bridging the Ni-Fe unit. Upon illumination of this state at low temperature (<100 K) a different EPR spectrum is obtained assigned to Ni-L. 157, 158 It has been shown that the hydride species in Ni-L is dissociated from the Ni-Fe cluster. 155, 159 In fact, depending on the temperature and duration of the illumination different states Ni-L1, Ni-L2, Ni-L3 can be obtained indicating structural differences of the dissociation products. 160 Raising the temperature above 120 K will recover the original Ni-C state, and the hydride species is shown to be reassociated with the Ni-Fe cluster. A last reduction step from Ni-C produces the EPR-silent Ni-R state which is the most reduced form of the active site. Exposure of Ni-C to CO gas will inhibit the enzyme and a different EPR spectrum Ni-CO(active) is generated. 161 The Ni-CO state is also photosensitive and low-temperature illumination results in the same Ni-L state as obtained from Ni-C. DFT calculations of the electronic structure of the Ni-Fe cluster have been published with possible redox states of the individual Ni and Fe atoms. 162 It is shown that Fe remains Fe(II) throughout all redox reactions. In the most oxidized (inactive) states Ni-A and Ni-B the Ni is proposed to be Ni ( 
[FeFe] hydrogenases.
In contrast to most other [FeFe] hydrogenases the enzyme from D. desulfuricans can be isolated aerobically. The hydrogenase is however inactive and has to be reductively activated e.g. by exposing it to hydrogen gas. This process has been followed spectroscopically using Mossbauer, EPR and FTIR techniques. 149, [166] [167] [168] In Fig. 12 the different states of the protein which were identified in this way are listed together with the proposed oxidation states of the iron atoms in the binuclear sub-cluster. In the ''as-isolated'' form, the protein is in an ''over-oxidized'' state in which both irons are Fe(II). The free coordination site at the distal iron could be occupied by a water or OH À ligand. This state of the protein is diamagnetic since also the cubane clusters are oxidized. Activation under hydrogen leads to formation of the active oxidized state (H ox ) which has a characteristic rhombic EPR spectrum. It is assumed that the binuclear sub-cluster is in the [Fe p (I)Fe d (II)] configuration (see Fig. 12 ). Continued reductive activation ultimately produces the active reduced state (H red ) which is EPR silent but can be identified in FTIR and Mö ssbauer spectroscopy. It is believed that this state is characterized by a [Fe p (I)Fe d (I)] configuration. The enzymatic activity can be effectively inhibited by CO which binds to the open coordination site. The (H ox CO) state has the same electronic configuration as the (H ox ) state and shows a characteristic axial EPR spectrum. The inhibiting CO ligand is photolabile and can be photo-dissociated at low temperature (<40 K) with white light leading to formation of the (H ox ) state. The EPR spectra of the H ox and H ox -CO state are very characteristic for the H-cluster and are important for understanding the enzymatic mechanism. Among species the differences in g-values are relatively small. 169 The spectroscopic investigation of the H-cluster in its various states does not give a clear picture of the actual catalytic mechanism but is does show that the ligand environment of the H-cluster is flexible and that the electrons move to and from the binuclear subcluster via the cubane subcluster to the accessory F-clusters. In addition, 57 Fe ENDOR and HYSCORE studies 170 have shown that the two subclusters of the H-cluster are in intimate electronic contact.
Oxygen sensitivity
The oxygen sensitivity of hydrogenases is of great importance with regards to the possible applications in the field of hydrogen fuel production, especially when the enzyme is combined with oxygen producing PSII (mimics). Interesting proposals have been put forward to immobilize PSII and a suitable hydrogenase on electrode surfaces separated by a membrane thus avoiding contact of the hydrogenases with oxygen. 171 At the same time intense activities are deployed to genetically modify hydrogenases (i.e. generating mutants) in order to reduce their oxygen sensitivity. A few [NiFe] hydrogenases have been identified which show a surprising oxygen resistance. The membrane bound [NiFe] hydrogenase from Ralstonia eutropha 153,172-174 is able to reduce protons (be it at a low rate) under oxygen pressure and recovers within 2 s to full activity when oxygen is removed. 175 The basic structure of the active site in this hydrogenase does not differ from other [NiFe] hydrogenases so the reason for this oxygen resistance is not yet elucidated. In Table 1 , a summary is presented on the oxygen sensitivity of various hydrogenases.
The oxygen sensitivity of [FeFe] hydrogenases is even more severe since the H-cluster is irreversibly destroyed upon reaction with oxygen. The Fe centers in the nuclear sub-cluster are probably oxidized to Fe(III) and lose their CO ligands. Nevertheless, some [FeFe] hydrogenase species seem to show a remarkable oxygen tolerance. 176, 177 This behavior might be correlated with the properties of the hydrophobic gas channel. It is assumed that H 2 can diffuse much easier through the protein and reach the active site than O 2 and CO. Therefore, much effort is put into the modification of the amino acids in the gas channel in particular of the hydrogenase form Chlamydomonas reinhardtii. [178] [179] [180] But this is certainly not the only effect responsible for the (better) oxygen tolerance of several hydrogenases; also the geometric and electronic structure of the active site might play a role.
Proposed mechanisms of proton reduction and H 2 oxidation
Hydrogenases, in contrast to PS II, are reversible enzymes and catalyze both hydrogen production and cleavage. In view of technical applications both reactions are interesting for catalysis: H 2 production with regard to solar fuel production, and H 2 cleavage for developing Pt-free fuel cell catalysts. 182-189 It is believed that Ni-SIa, Ni-C and Ni-R are the states which are actually involved in the catalytic cycle. Furthermore, it is assumed that the H 2 binds initially to the Ni atom. This is also the site where the gas channel in the protein ends and nickel binds CO, a competitive inhibitor.
138 Subsequently, the dihydrogen will be heterolytically cleaved leaving a hydride in the active site, most probably as bridging ligand. The proton could be accepted by one of the terminal cysteine ligands. Other studies propose a H 2 O loosely bound to the Fe(II) as base.
182 A more recent DFT study suggested that Ni-SIa is not involved in the catalytic cycle and that Ni-C is the starting point of the reaction. Here, a hydride is permanently present in the active site and would act as base for the heterolytic splitting of H 2 .
189
In Fig. 13 the two most recent models of the reaction are depicted. In both versions, H 2 is initially bound to Ni. In the first model the proton is accepted by a loosely bound water to Fe(II), while in the second model it is accepted by the bridged hydride which is permanently present in the active states. In the first model, the Ni center is then reductively protonated (Ni-R) which releases the protons in a two-electron oxidation step. The second model assumes that the two protons are released in two subsequent single electron oxidation steps. Here H 2 splitting is described, but it is assumed that the reverse reaction (H 2 production) will occur through the same (reverse) pathway. Also, the DFT modeling of the reaction cycle is complicated, because the covalently attached cubane [4Fe4S] subcluster probably plays an important role in the electron shuffling, but is very difficult to include in the calculations. In Fig. 14 the most recent model of H 2 production, based on QM/MM calculations is depicted. 190 These calculations include the role of the protein pocket surrounding the H-cluster and assume that the dithiolate bridging ligand contains a center (X) which can act as base accepting protons during the reaction cycle. On the other hand, there are many similarities between the basic structures of the active site in both enzymes:
1. Both enzymes employ a bimetallic center where the chemistry is taking place.
2. Both active sites have a ''butterfly-shaped'' core in which the two metals are bridged by SR-ligands.
3. These features can serve as guidelines for the construction of biomimetic hydrogenase models.
Chemical model systems for the active sites in hydrogenases
The reduction of protons to molecular hydrogen -or vice versaseems to be a much easier task to accomplish in model systems than light-induced water oxidation. The extensive structural and functional work on native hydrogenases over the last decade has stimulated the synthesis of a variety of metal-based model systems that might be used as electrocatalysts for hydrogen production or in fuel cells for hydrogen conversion. Considering the high price and low abundance of platinum, which is commonly used for such conversions, there is an urgent need for using sustainable metals such as iron and nickel as employed by nature in the hydrogenases. Important criteria for such catalysts are (i) robustness, i.e. a long-term stability, (ii) efficiency (high turnover frequency) and (iii) a low overpotential. These criteria are not easy to meet in model systems.
191
The work on biomimetic models for [NiFe] and [FeFe] hydrogenase has been described in several recent review articles. [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] In this work many of the structural features important for proper function found in the native systems have been successfully incorporated, for example the bimetallic Ni-Fe or Fe-Fe core with rather short metal-metal distances, the sulfurrich environment (terminal and bridging thiolate ligands), CO/ CN ligation of the iron, the incorporation of a base for acceptance of the proton, and more recently of a hydride bridge. 201 However, for none of the structural mimics of the active centers of the native systems a catalytic behavior has been reported so far leading to proton reduction or dihydrogen oxidation.
In this respect, other bioinspired model systems seem to be better suited as discussed in ref. 202 . They contain for example dinuclear metal centers with Ru, Re or Ir. For a trinuclear NiFe 2 complex 203 some catalytic activity has also been reported. Furthermore, some mononuclear metal complexes catalyze proton electroreduction, but turnover numbers and frequencies are rather low. 191 Recently, a promising dinuclear Ni-Ru complex has been described. 204 It meets most of the criteria for a functional model and directly reacts with and heterolytically splits dihydrogen. This model incorporates a bridging hydride ligand, a crucial factor for proper function in [NiFe] hydrogenase. In the [FeFe] hydrogenase the hydride is most probably bound terminally to the distal iron. It has been proposed to use these differences in hydride binding as a criterion for hydrogenase models instead of the type of metal centers. 202, 204 In summary, structural model chemistry of hydrogenases is fairly advanced and nice spectroscopic results have been obtained for several systems, see e.g. refs. 201, 205 and 206. However, only a few functional models exist to date for hydrogenases. Their stability and turnover frequencies are still low and for all systems studied so far the overvoltage is very high, which represents a serious problem for their application in biotechnological devices.
An envisaged goal is the photocatalytic hydrogen production and conversion. First results in this promising field have already been described (see e.g. refs. 207 and 208 for a related review).
Conclusions
In this review the current state of the art in the understanding of the water oxidizing-complex and the hydrogenases is described. During recent years these fields have made considerable progress. However, several details are still missing, e.g. in case of water oxidation the exact mechanism of O-O bond formation at the Mn 4 O x Ca cluster is not known, and for [FeFe] hydrogenases the crucial step of heterolytic H-H splitting/formation is still under debate.
Understanding these biological processes will guide the progress in different avenues towards solar fuel production. The different attempts in that direction can be grouped as follows:
1. Genetic modification of cyanobacteria to increase their light-induced hydrogen production.
2. Genetic modification to convert existing proteins into artificial water-splitting catalysts that can be expressed, e.g. in E. coli.
3. De novo synthesis of water-splitting metalloproteins. 4. Chemical synthesis of biomimetic/bioinspired homogeneous catalysts, reaction centers and antenna systems.
5. Semiconductor based systems. 6. Heterogeneous catalysts that reduce the over potential during electrolysis and may for example be embedded in functional matrices on the surface of electrodes.
The optimization of biological organisms via genetic modifications may be the most promising approach on a short term. This will however require hydrogenases that are insensitive towards oxygen, and are more directly linked to the photosynthetic electron transport chain. Furthermore, competing metabolic reactions (cell growth/biomass production) of these organisms must be reduced by genetic manipulation and/or special culture conditions in order to maximize the H 2 evolution rates so that they approach levels that are relevant for potential applications. Other problems concern the light access (optimization of antenna size), and the required space and costs of the bioreactors. 142, 209 Based on studies of the natural systems much has also been learned concerning the design principles required for biomimetic catalysts for water splitting and hydrogen evolution (see above sections). These include the use of abundant and inexpensive metals, the effective protection of the active sites in functional protein environments, and repair/replacement of active components in case of damage. For biomimetic chemistry it is to date clearly in far reach to mimic all these features -but many labs are working towards this goal by developing new approaches in the design and synthesis of such systems, encompassing not only the catalytic center, but also smart matrixes and the assembly via self organization.
More stable catalysts that do not require self repair, may be obtained by fully artificial catalytic systems that are totally different from the biological ones and only apply some basic principles learned from Nature. Other metals than Mn/Ca, Fe and Ni could be used, new ligand spheres and other matrices. For light harvesting, charge separation/stabilization and the effective coupling of the oxidizing/reducing equivalents to the redox catalysts different ways have been proposed; e.g. covalently linked molecular donor-acceptor systems, photovoltaic devises, semiconductor based systems and photoactive metal complexes (e.g. Ru-complexes).
6,210
The aim of all these approaches is to develop catalytic systems that split water with sun light and produce hydrogen and oxygen, have a high efficiency and a long term stability. If such a systemeither biological, biomimetic or bioinspired -has been developed there is hope to use it on a large scale to produce ''solar fuels'', e.g. hydrogen or secondary products thereof. A remaining question is the availability of the sources ''light'' and ''water''. The amount of (fresh) water necessary to be split for fuel production, i.e. to replace oil and coal on a long term can be estimated on the basis of the total primary energy consumption of Germany to be 30 l per day and person (assuming the same relative power conversion efficiencies for oil and H 2 ). For 10 h of useable sunlight per day this corresponds to z 1 ml H 2 O (0.05 mol) per second. For a turnover frequency of 1000 s À1 this requires 50 mmol of catalyst per person. Clearly, scientists are currently facing very large challenges to solve these scientific, strategic and logistic problems. But these problems must be overcome -otherwise mankind will not be able to survive when fossil fuels are extinguished on our planet.
